Bismuth molybdate single-crystallites were synthesized by a simple hydrothermal method at different pH values. The as-fabricated samples were characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM); it has been found that the pH values of the precursors can significantly influence the structures of the products. Under the Bi/Mo ratio of 2:1 conditions (a nominal composition of Aurivillius structure), low pH leads to the formation of γ-Bi 2 MoO 6 with Aurivillius type structure, while neutral and higher pH values lead to the formation of γ-Bi 2 MoO 6 /Bi 2 O 3 composite, and Bi 2 O 3 , respectively. The photocatalytic activities of the samples with different structures were measured for the degradation of methylene blue (MB) under simulated sunlight irradiation. Among the as-fabricated bismuth molybdate samples, the γ-Bi 2 MoO 6 exhibited superior photocatalytic efficiency to the γ-Bi 2 MoO 6 /Bi 2 O 3 composite and the Bi 2 O 3 , mainly due to its unique layered Aurivillius structure, smaller band gap structures and smaller particle sizes.
Introduction
Recently, bismuth molybdates have been studied extensively because of their rich microstructures and interesting properties [1] [2] [3] . In general, bismuth molybdates have the general chemical formula Bi 2 O 3 nMoO 3 where n = 3, 2 or 1, corresponding to three structures: α-Bi 2 Mo 3 O 12 , β-Bi 2 Mo 2 O 9 and γ-Bi 2 MoO 6 [1, 4] . As a typical candidate within this family, γ-Bi 2 MoO 6 with Aurivillius structure shows great potential to be utilized in solar energy [4] [5] [6] .
It is well known that the microstructure of materials plays an important role in their physical and chemical properties, and that different microstructures are affected by the methods and conditions of synthesis. Conventionally, bismuth molybdate crystals are synthesized using various synthesis methods, including solid-state reaction [7] , solgel [8] , co-precipitation [9] , hydrothermal methods [10] , and so on. Among these methods, the hydrothermal route is one of the most effective methods for synthesizing different microstructures of bismuth molybdates. This process can be described as a reaction of precursors in a close system in the presence of a solvent. It is possible to control the structure and morphology of products by adjusting the processing parameters: for instance, using different solvents and reactants, surfactants, pH values, reaction temperatures and times [11] [12] [13] . In this paper, bismuth molybdates with the ratio Bi:Mo = 2:1 (a nominal composition of Aurivillius structure) are synthesized by the simple hydrothermal method at various pH values. The influence of pH value on the microstructure, morphology, band gap energy and photocatalytic activities are investigated carefully. The objective of this work is to identify suitable pH value conditions to obtain bismuth molybdate with Aurivillius structure, and to confirm its outstanding photocatalytic activity.
Experimental

Materials
Bismuth nitrate, sodium molybdate, MB, sodium hydroxide, nitric acid and absolute alcohol were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were of analytic grade and used without further purification.
Preparation of the Bismuth Molybdate samples
Bismuth molybdates were prepared by a simple hydrothermal synthesis. First, Bi(NO 3 ) 3 5H 2 O (1.947 g) was rapidly dissolved in 10mL nitric acid solution (2 mol/L), under stirring, to form solution A. Then 0.483g Na 2 MoO 4 was dissolved in 10ml sodium hydroxide solution (4 mol/L), under stirring, to form solution B. Thirdly, solution B was added dropwise into solution A to form suspension C. The diluted NaOH and HNO 3 solutions were then added to adjust the pH values, which were taken to be 5, 7 and 9. After being vigorously stirred for 30 min, the resulting precursor suspension was transferred into a 50mL-capacity Teflonlined stainless steel autoclave, which was subsequently heated to 160°C and maintained for 22 h. Subsequently, the autoclave was cooled to room temperature naturally. The obtained samples were filtered, washed several times with deionized water, and dried at 80°C in air.
Characterization
X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 ADVANCE X-ray diffractometer (Cu Kα source) at a scan rate of 4°/min, with a 2θ range from 10° to 80°. Transmission electron microscopy (TEM) images were recorded on a JEOL JEM-2010 transmission electron microscope at an accelerating voltage of 200 kV. UV-visible absorption spectra and diffuse reflectance spectra (DRS) were recorded on a Lambda 2500 UV-visible spectrophotometer (Japan Island Ferry).
Photocatalytic Degradation of MB Experiment
MB was used as a convenient photostable organic molecule to assay photochemical activity of the obtained samples. The prepared bismuth molybdate samples (50 mg) were dispersed into an aqueous solution (100 mL) of MB (10 mg/ L −1 ). The suspension was sonicated for 30 min, followed by stirring in the dark for 120 min to ensure adsorptiondesorption equilibrium prior to irradiation. The suspension was then irradiated while stirring, using a 500-W Xe lamp (MAX-302, Asahi Spectra, USA). The initial and final reaction temperatures for the MB solution were measured as 25±3°C, respectively. Samples for analysis were taken from the reaction suspension after different reaction times, and centrifuged at 3500 rpm for 10 min to remove the particles. The MB concentration from the upper clear solution was analysed according to the absorption intensity at 664 nm, within the measured UV-vis spectra. The pH value of the MB solution was about 7. Fig. 1 shows the XRD patterns of the samples with the ratio Bi:Mo = 2:1 at various pH values. It can be clearly seen that the XRD patterns of the powders obtained at a pH of 5 can be ascribed to the Aurivillius structure of γ-Bi 2 MoO 6 . These diffraction peaks are in good agreement with the standard γ-Bi 2 MoO 6 sample (ICDD PDF #84-0787). No impurity peaks were observed in any of the XRD patterns, indicating that the sample was pure orthorhombic γ-Bi 2 MoO 6 . When the pH value was increased to 7, besides γ-Bi 2 MoO 6 , the cubic Bi 2 O 3 fluorite structures were also observed in the XRD patterns of the samples. Indeed, it was mainly the Bi 2 O 3 fluorite structure phase that was present when the pH value was increased to 9 [4] . The formation of the Bi 2 O 3 phase in the higher pH value conditions should be ascribed to the preference of the metal hydroxide when the pH value is high. In this case, the Bi 2 O 3 phase is obtained from its hydroxide in the hydrothermal system. These results indicate that acidic conditions are favourable for the formation of γ-Bi 2 MoO 6 with Aurivillius structure. Fig. 2 shows the TEM images of the as-prepared samples, synthesized by hydrothermal method at different pH values condition. Fig. 2a shows regular morphology and smaller nanospheres or nanotablets (~100 nm) for γ-Bi 2 MoO 6 at pH 5. The γ-Bi 2 MoO 6 /Bi 2 O 3 composite nanocrystals obtained at pH 7 are composed of crystals with thinner, conjoined nanosheets, as shown in Fig. 2b . The asprepared Bi 2 O 3 at pH 9 possesses an irregular morphology and the aspect ratio of some of the grains is larger (Fig. 2c ). It can be concluded that the pH value of the synthesis conditions dramatically affects the surface morphology of the bismuth molybdates, or Bi 2 O 3 , during the hydrothermal process. The different surface morphology would then further influence the surface chemistry, charge separation and excited state lifetimes, all of which are closely related to the photocatalytic activity of the materials. Fig. 3a shows the UV-visible diffuse reflectance spectra of the bismuth molybdate and Bi 2 O 3 samples obtained at different pH value conditions. All of the samples exhibit a strong absorption from ultraviolet light to the visible light Bi2MoO6. When the pH value was increased to 7, besides γ-Bi2MoO6, the cubic Bi2O3 fluorite structures were also observed in the XRD patterns of the samples. Indeed, it was mainly the Bi2O3 fluorite structure phase that was present when the pH value was increased to 9 [4] . The formation of the Bi2O3 phase in the higher pH value conditions should be ascribed to the preference of the metal hydroxide when the pH value is high. In this case, the Bi2O3 phase is obtained from its hydroxide in the hydrothermal system. These results indicate that acidic conditions are favourable for the formation of γ-Bi2MoO6 with Aurivillius structure. Fig. 2a shows regular morphology and smaller nanospheres or nanotablets (~100 nm) for γ-Bi2MoO6 at pH 5. The γ-Bi2MoO6/Bi2O3 composite nanocrystals obtained at pH 7 are composed of crystals with thinner, conjoined nanosheets, as shown in Fig. 2b . The as-prepared Bi2O3 at pH 9 possesses an irregular morphology and the aspect ratio of some of the grains is larger (Fig. 2c ). It can be concluded that the pH value of the synthesis conditions dramatically affects the surface morphology of the bismuth molybdates, or Bi2O3, during the hydrothermal process. The different surface morphology would then further influence the surface chemistry, charge separation and excited state lifetimes, all of which are closely related to the photocatalytic activity of the materials. region shorter than 500 nm, and a steep shape of the spectra around 500 nm, indicating that the light absorption is not due to impurities in the samples but to the band-gap transition. A slight blue shift of the absorption band edge of the samples can be observed as the pH value increases from 5 to 9; the γ-Bi 2 MoO 6 possesses the onset of the absorption edge at the longest wavelength among them. Based on the absorption edge values, the intrinsic band gaps of the crystalline semiconductors could be estimated from the following formula:
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where α is the absorption coefficient, E photon is the discrete photoenergy, K is a constant, and E g is the band gap energy. The intercept of the tangents to the x-axis can give good approximation of the band gap energy for the products. As shown in Fig. 3b , the estimated band gaps corresponding to the absorption edge values are given in 
Photocatalytic Activities
The photocatalytic activities of different bismuth molybdate products were evaluated by the degradation of MB solution upon simulated sunlight irradiation. Fig. 4 shows the time-dependent absorption spectra of MB solution during the photodegradation process in the presence of the three kinds of bismuth molybdates samples. The absorption peaks at 664 nm, corresponding to MB, decreased gradually as the irradiation time was extended. Compared with the absorption peaks of γ-Bi 2 MoO 6 /Bi 2 O 3 and Bi 2 O 3 , respectively, that of the γ-Bi 2 MoO 6 obtained at pH 5 decreased dramatically and completely disappeared after about 90 min. This suggests that γ-Bi 2 MoO 6 exhibited the highest photocatalytic activity among the three kinds of bismuth molybdate samples. The variation of MB concentrations (C/C 0 ) with irradiation time over the different samples was shown in Fig. 5 , where C 0 and C are the concentrations of MB solution before and after irradiation, respectively. For comparison, the direct photolysis of MB in the absence of bismuth molybdate was also performed under the same conditions. As shown in Fig. 5 It is well known that the photocatalytic activity of semiconductor materials is mainly governed by their microstructure, morphology, band gap energy, etc. Firstly, the different photocatalytic activities of the three samples can be attributed to their different microstructures. The γ- Bi 2 MoO 6 with the Aurivillius phase has been found to possess a unique layered structure, in which perovskite slabs of corner-sharing, distorted MoO 6 octahedra are sandwiched between (Bi 2 O 2 ) 2+ layers [14] . In general, layered structure-type materials have a higher activity under the same conditions, due to the facile migration and separation of photogenerated charges in such a layered structure [15] . On the other hand, the surface morphology also plays a vital role in photocatalytic performance. The γ-Bi 2 MoO 6 sample possesses a regular morphology and smaller nanospheres (about 100 nm), which probably gives it a specific surface chemistry, efficient charge separation and longer excited state lifetimes. This also leads to the higher photocatalytic efficiency and better photocatalytic activity for γ-Bi 2 MoO 6 . Another reason for the high activity is the smaller band gap (2.59 eV) of the γ-Bi 2 MoO 6 , which responds to the onset of the absorption edge at the longer wavelength. The amount of photons absorbed by photocatalysts with smaller band gaps is larger than that absorbed by photocatalysts with larger band gaps [16] . Therefore, the superior activity of γ-Bi 2 MoO 6 might be ascribed to its smaller band gap. It is well known that the photocatalytic activity of semiconductor materials is mainly governed by their microstructure, morphology, band gap energy, etc. Firstly, the different photocatalytic activities of the three samples can be attributed to their different microstructures. The γ-Bi2MoO6 with the Aurivillius phase has been found to possess a unique layered structure, in which perovskite slabs of corner-sharing, distorted MoO6 octahedra are sandwiched between (Bi2O2) 2+ layers [14] . In general, layered structure-type materials have a higher activity under the same conditions, due to the facile migration and separation of photogenerated charges in such a layered structure [15] . On the other hand, the surface morphology also plays a vital role in photocatalytic performance. The γ-Bi2MoO6 sample possesses a regular morphology and smaller nanospheres (about 100 nm), which probably gives it a specific surface chemistry, efficient charge separation and longer excited state lifetimes. This also leads to the higher photocatalytic efficiency and better photocatalytic activity for γ-Bi2MoO6. Another reason for the high activity is the 
Conclusion
In summary, bismuth molybdate materials were prepared using a facile hydrothermal method by controlling Bi/Mo ratio and pH values. It was found that different pH values resulted in distinctly different crystalline phases, surface morphologies and band gaps. Of these, γ-Bi 2 MoO 6 with an Aurivillius structure, specific morphology and smaller band gap was obtained under acidic conditions, and exhibited an excellent photocatalytic activity in the decomposition of MB under simulated sunlight irradiation.
